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LOC^riOK OF EET.-tCKES SHOCK «ATI IN FRONT 

OF .1 i-OUY MOVIHO AT  SUPERSONIC  SPEEDS 

3y Edmund V.  l^itone end Otvay O'M. Pardee 

flOMttra 

It is  chovn shut for vclocitlou slightly In excess of 

esnie,  the position if the detf.chai chock wrve located In 

fr->nt of p t'lvon body at zero tr.fle of at tuck msy be 

eetln.Fted  theoretically to a ro?tollable decree  of Accuracy. 

The  theory developed coapares favorably with  the available 

s xper l.-sc nt p.l dp.ta. 

IN7R0BÖCTI0H 

The colvöble fluid-flow prob lama are in (u'ener.-l divided 

Into two distinct classes:    thooc  in which the field of flow 

1J completely subronlc r.nd those  In w;:lch the flo* ic super- 

sonic,  C{;ch refine hrvlnp Its special sethods of solution 

and aparoxlcatlon.    *s yet, vury little has been .ccoc.illshea 

toward the s .lutlon of  my fluid-flow oroolecc  In that region 

between the   -iritlsr 1 I., oh r.u;..'oer and the shock dot; chacr.t 

M:ch nucber,   the  latter being defined Inter.    This region is 

sont tlr.ee tersod the   t:v.nr;nlc retlr,».    The difficulty of 

solution Is due in large  cosiro  c-  the cotclnetlsn of ~lxed 

KKJITTTrfi 
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r-utsonle and supersonic flows together with pronounced 

viscosity or boundary-layer effects. There Is, however, one 

problem capable of solution which ehould prove vpry useful 

both In flight and wind-tunnel "ork - thet of estimating for 

I!ach nucberc slightly In excess of 1 the position of the 

detached shock vnve preceding a body. 

It is characteristic of supereonlc flight thet preceding 

every bod;- or attached to its nort Is r. shock wave. Here a 

differentiation should be nitde between pointed and blunt-nosed 

bcdlce. In the ca63 of blunt-nose bodies, the bow vave 

alvayr regains detached similar tc that shovn in figure 1. 

Ko^over, for any given sherply pointed body, there is a Kach 

nuabcr belov which the Ehock vave is detached but above which 

it is attached in the characttrirtlc fashion of a lisch wave, 

as shown in reference 1.  For pointed bodies this Kach nuabcr 

Is the detachment Kach nuuber, and, ns noted before, represents 

the upper limit of the tranaonlo region. For blur.t-noce 

bodies, on the other hand, ther« Is nc upper limit defined. 

The solution of the present problem in transonic flow 

is socewhat simplified since there is nc interaction between 

the check and bovndary layer.  The viscosity effects ere 

alsoct all relegated to the region of the "ike pnd for the 

present prcblea are relatively unlit-portent. Moreover, ccrtrln 

of the results from linecr perturbation thecry ney be used 

••hlch rt first glence right not etci pppllceble. 

Linear perturbation theory has in the past found vide 

mm 
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uree in the study of subsonic and supersonic flow fields.  It 

It bsned upor. the Dcsuciptlon that the disturbance created by 

tht pretence of the bot'y Is ecall; that Is, the perturbation 

vclceltles Cue ti the bedy are suall compared to the free- 

st rea-n velocity. Kith '.hose approximations for subsonic 

flows, perturbation tnoory shows thpt, for very slender 

bodies of revolution, the preseure coefficients along the 

bc^y arc lnücpenJent of Koch number; vherens for tvo- 

diceneional flow they art not. She development and discussion 

of these points ore giver. In references 2, 3, U-, and 5. 

ST.301S 

The following Is a list of the acre Important symbols 

used In this rrport, given In orüer of their Introduction: 

i: Uneh ursbcr 

!^j    frer-ptrccn J'ech number 

"j    !Lich nuv/jpr en do'-nstrcrn faoa of shock vpve 

5     angle shoo'* vpve Dake» with norrcol to free-Ptrean 

direction 

A-3    deviation angle of flm- et pheck '-ave 

c    oxceop of free-etrcaa I-rch nuaber over 1, email 

cosprrod tc 1 

As    char-su in er.tropy 

p    preepure 

p     der.eity i 
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y 

v 
vo 
Vi 

a 

x 

I 
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ratio of apeotfie heat at constant pressure to epeclflo 

he"t et constant volume (op/ov) 

velocity 

free-stream velocity 

velocity on downstream fsct. of shook wave 

speed of sound 

distance from nose of body 

maximum thickness of body 

distance along stf-r mtlon line frost the shook wave to the 

nose of t'..e body 

L    length of body 

THEORY 

The flow field to be considered Is shown In figure 1« 

The body of maximum thickness T Is symmetrical about the 

XX'-axls and at aero Incidence to the free stream. It has 

a etpgnftlon point at 0 and the stream line XO leading up 

to thle point la celled the stejiiPtlon line. 

This body 13 moving et a euncraonlc speed such aa to 

produce the detached shock »v« AA' which extends to Infinity 

in both directions. The shock wave Intersects the stagnation 

line et the point S. At this point, the shock wave Is normal 

to the ctream lines. At ether points In the field, such na 

P, the shock la not r.orcrl to the free-stream direction but 

aakes «n angle 5 with this normal. The angle 6 varies 

from zero at 8 to the complement of the Mach angle at 

„__ •»•••—* w. • •-.. .x-   «- 
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infinity, for tlie shock vavc has en asymptote whose tingle 

vith the horisontol ie the Mach angle. 

The shock wave divides the field Into tvrc ports. 

Every^foera upstream of the ehook wave, the flow le uniform 

an* the total-head cr etr.rnatlon pressure IF constant. 

Dpt'netrcas of the shoc'x vmve, tlio flo'- vcrlce throughout 

the field and each streamline hnr a 'different stagnation 

presaure. Thlc variation lr. staer.atlor. preeeure or total 

head le due to the variation In ontropy change through the 

shock '-eve. The entropy eh;np;e if primarily a function of 

the free-strewn llrch number r.nd the rmjile 6, being greatest 

•when 5 • 0; that le, on the stagnation line. 

The deviation in direction of the flow upon prosing 

through the ahoc'ii •<•':. le at as eho":"» in figure 1. This 

deviation varies froa zero «t the t tr.ijn'-t.lon line to a 

maxleuai engle A3aax 
S0Ke P-lrt r finite distrnee out on 

the shock wave «id ppproechoe zero r.gr.ln as the shock wave 

approaches ita asynptote. 

The I'.ech nuabcr on the dovnstrean side of the shock 

vavc varies «lao "lth the angle 5 a6 "ell as the froe- 

strcam ISach nvat-ir. The lowe-st Mash nuabcr is lese than 1 

and occurs •••here thr. shod: la norntil rt *he point S. Ooing 

out along th«? ehoci: vrve, the Ilroh nucber increases with 

increasing f.nf*lo 5, approaching the free-stream Mr.oh 

number as 5 approaches the ceoplecent of the lisch angle. 

The variation then ie froc subsonic in the vicinity of S 

I 

* 
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to cuperconio far out or. the shocfc w^ve. 

The ceth'jd of solution developed In this report covers 

only free-strpca velocities slightly greater than sonic, being 

at rll tliea rt n free-i-tre«.-1 I'aoh nuaber of 1 + e, where  < 

Is sis',l?. coayjrel  to 1. It then will be shown that the 

onxlmun entropy change and aaxloua ceviPtlon an^le A<?nax 

are of i.ipher orler than e and consequently negligible. Jo 

furtrer sl&plify the problem, only the dlsfnce OS is 

Jeterclned, whicn le sufficient to determine the shoe* wave 

in the vicinity of the body sir.ee, for free-r;trean liach numbers 

of the order of 1 • t,    the ehocl: wave is notrly plane. It 

Mil] then only be necessary to conoider a noruPl chock and the 

variation of velocity alor ; the stagnation line, since it will 

bo ehovn that these are sufficient to letamlna the distance 

C3. The entrooy change through a shock wrve is given by 

As =• ov In "(•"• ., (1) 

where the subjeript o refers to the free-strcaa conditions. 

Exprndln? this In powers of :;o
8 - 1, where 1^ is the free— 

stream Mach number, by nepne of tlu relations of conservation 

of noes, r. one.it ur, and energy .;.lven In reference 1, the 

foliowlnf expression is obtained for norewj. shock w.ves: 

As = cv SXfcfcl) f      m 

(2) 
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Then since 1-^=1+ e, 

entropy le given by 

AC 

the maxiira-s possible lncreace In 

-   li „   "v-1 
cJ + W 

(7+1 }a 

Therefore, the oatro;jy le t.pproxi^rtdy co.intont und 

crr»c5'.|ucntl:' eo le ti:e  total heaü or Stagnation pressure. 

It can be  rl.ov;n alto that the taxlaua flow cltfleotlon 

is of higher order thnr.   c .    Vor. Krxv.r'i. his ehovn 

(cquatlor.(i5.i?)oi' rcferi..-.ce  ö)  th:\t the ilnlnus: IJncfc nuLiler 

fur r fclven flow dcfleotlon le giver, by 

n.nfi since    !i    lo a monotonlop.lly  increasing function of  &8 

the Barm, equation <.>cfiner:  the nrr.ir.VL; ±lov uevl«tlon for an 

arbitrary Kaon number.    Then replacing   "   by 1 • c  the 

'ipxlcun flow ücviptlon lr giver, by 

(IV) 

m 1 (-v+l) J ? JO-I 
(5) 

?nd it cm be seen tfcpt the maximum Ccvlr.tlon of flow In of 

higher ore er then < . 

Fron the coKservrtlon la-*s referred to prcvlourly, the 

!>ch number H, pf t( r (dovnatreaa) a riorLipl shock 1B given 

lr. ter^e oi the ::ach r.u^'icr !V> before (upstream) the chock 

by 
g+(-y-l)H„* 
r-/:'"a-(-:-i) 

(6) 

L 
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The rrtlo cf the v-?iccit;,    ^     rftcr e. shock to tue velocity 

V-,    before  the •hock (tiie free-etreac vclccity) Is piven by 

*'C*-*i) •c —     —o 

E^ttir.,? :'T =. i + e nnfi -v = 7/5 in equation*  (a) end (7) ind 

ne~lrctlr»p;     ta   end higher pover, the equations becone 

(7) 

prul 

1 - £ 

X* - 1 

(:'•) 

(5) 

Then Kt rnd Vx /"0 älff .• fro;r. free-etreaa conditions by 

the order e . 

Slr.ee the entropy PI.Q totnl hop.«- pre oonetant throughout 

the field, to the order of approxia-tion ured, the flew dovn- 

etreaa of the rhoojc ware ip derivable fron p velocity potential. 

The beundnry conditions neceeepry to rpocify thlf valcclty 

potential are the ehr.pc of the body pnd the velocity vector 

distribution over any eurfrce vhlch enclose a the body.  It le 

nov necesspry tr> consider vrrlitlons ir. the flow field vith 

chp.nre in boundary c. nfitiens. 

For Bubeonlc flo*-, the eher* of the body r^d the flov 

-* Infinit;- rrc cvff'clent beun'erjr oor.üitlcne; vhile for 

rucerccr.lo flo«,  tr.c crr.ditlon upetros ct lr.flnlty ie 

renlrccd by or.o rn the 3 ovr.stre *.. fast; of the shock wr.ve. 

Since the boundary e .ditlor.t la iltl;cr eubconlc or 

, 
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supersonic flow arc r  continuous function of lisch number,   tho 

velocity potential is • continuous function of Kach nurober 

ln3lda  the  boundary Halts,    torn If the tv:o potential fields 

(subsonic and supersonic) arc to opproaoh a comrr.on limit at 

a 1'^.ch nur.ber of 1 *nd conss.iv.entl;' be continuous from sub- 

sonic through to supersonic free—StrOaa velocities,   It  Is 

only necessary that the bounirry conditions p.ppronch a 

socaon licit. 

«s the  i'ree-r.treaa l-irch nuebor r.p?ror.ehe s 1 froc r.bove, 

the shock vr.vc recedes  • irtr.-ar. to  ir.finlty p.nd tho flow 

deviation Tanlahes Finoe It lr of '-ilt/.er order thin    e,    the 

Xach number Inortaent;  p.nd furthermore the Maat) number on the 

do'.-r.etrpfic face of the shock w.ve apvroaobai 1.    The Halt 

then is a unlforc,  pj rr.llel froc  otrcac at infinity the  come 

as for the core obvious 6ubsonlc case, 

Reno«,   the velocity potential, velocity,  and pressure 

coefficient for any riven point In tho subsonic re Ion between 

S    and    0    is n continuous function of the Hash number.    If 

in this repion the variation of praaauM coefficient with 

Mach nu.;bcr can be determined for lubeonlo free  strokes,   then, 

a rood p.p^rox lection to the prcsrurc cocfflclcntr for free- 

stronr Maota numbers slightly werter than 1,   of  the order of 

1 + c.     !s obtained by n Batherx-tlca! contlnuetlor of tho 

•ufceouSc mrlatlon of rresnure ooofflolent with Naoh number, 

this by v.'rtje of the velocity j-&t2"i-lrl bcirg a continuous 

fur.jtlon of Naoh mutoer. 

- 
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The velocity variation clonp the stagnation line can be 

Elven by an equation of the form 

i- f (T./7, ::) (10) 
vo 

i:hero ncndimcnBinnol for:;, lc used for convenience, V being the 

velocity nt pny point x along the CX-axls nnd M the local 

llach nucber r.t the point x. At the point S where the ehock 

1B located V = \\ ,  x  = S, nnd II = M. the equation then becomes 

•   '  I 

- f  (S/T,  Ut) (11) 

and    S/T    le doter:.-.l:md since    llx    and    Vx/V0    are given by 

ec.uptlcns  (6)  and  (7)    or   -pproxicately fror, equations  (S) and 

(5) hy 
::, 1 - c • 8 - 

and II     i     5 
3    3* 

With thece approximations equrtlon (11) becomes 

1- 2. r(J. 8-it) 

(12) 

(13) 

(HO 
3     3 ""     "VT 

whlota dcflnct S/T as a function of    II0. 

A??LICATIC::S 

In order to cvluatc the functions defined by equation (lit-) 

It lc necreerry to resort to llne-r perturbation theory. Vith 

this purpose In mind the vrlotlon In the velocity ratio V/Vc 
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I 

clone the stagnrtlo:» line has been obtained for a number of 

Stander.! t"o- and thre«>dic«nalon*l thrpee In incompressible 

flO", the re suite of vhlch rxe presented in table I. The 

cese cf t*reo clirensicr -1 bodlep of revolution Will be 

ro.:rlt"cr^ü first. 

It  o«ii be shewn fros the aethodi of reference 2 that for 

slender bodies of revolution the velocity rrtlo V/V0 along 

the stagnation lino le independent of Hash number.  II rt is, 

2. Jl.) 
V vV J 

'W. 

Uelnp this in equ.-tiona (11) And (1^) ," v t -.:%  S 

W„/_  3 3 ^ "c !>0 
(15) 

Tor llluatrativa purposes, the acthod is applied to the 

three-dlmvnalonal source and an experimental coaprrlaon cado. 

H( ferring to table I, 

& 
-* 1 AL 

e ... .--: ',f + »" 

Then using this In equation (15) the point S la determined 

fror. 

•-o 1 + (16) 
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The curves presented In figure 2 were o'otrlncd in this nr.nner 

unlor the assumption th".t even In the  erso of a sphere  the 

preerure coefficient on the itagnatlon line arc Independent 

of ür.ch nun'oor.    It le worthy of note that the curve for the 

eouroe rn.uroxliuftt-r vc.\" closely the vr.lucE for r.ny Rcnklne 
Ovoid of thloincae rr.tlo leea than CIO. 

In flpure 3 r>re ahown soae experimental dr.tn for a 20- 

r.llline tor shell which were obtained fro:.: the U.S.  .-.r^y firing 

rr.nge at the Aberdeen Proving Grounds,    Tho theoretical curve 

shown for cc-.riarioor. is for r  source,  since tho shell which 

was uecd hrd a fairly large nose raclluo i.i; king It approximately 

e. three-dlxicnaloßfl eouroe shipc.    The agroeaent with the theory 

la rather food even though the ehcll fa.io continually docrer.s- 

lng Its speed;  for duo to the deceleration of the  shell,  the 

•hook wave  13 likely to bo at r. different location thrn would 
be found at a sturdy velocity. 

In the  case of bodies of revolution the result wpe 

elrple.    For two-dlaonslonrl bodies,  however,  tho pressure 

cocfüclcnt vnrles with X' ih nucber,  r.ni. here n slight 

difficulty rppeare.    It ic necoscpry to realise that in cal- 

culating the velocity field,   linear perturbation theory in 

and of itself oekee no alrtinetion botveon loc.~l ml free- 

ctrenc Kach niruber.    In fret,  they are r.asuocd to differ by a 

nefllfible rusntity.    That this «eeunption is not vlld in 

the present cr.co  Is self-evident;  however,  It c.-n be shown in 

unldlwcneion'l flow, where r.n cxtct solution is possible,   that 

/ 
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them  Is  less error 1'   calculating the  velocities  in a 

decreasing velocity i'isld in usir.g the local Mach mo-jber 

rather  than the  freo-strosr. Mach »vjnber.    Vclng this rrlrorl^n 

f.nd ««quaiicr   (1J),   the  velocity ratio at  the  point    S    is 

rri\ 
V. x .. ,      1~\.7r.V=0      3      ^ 

" *" ji-E» • y" * 
Uo'7 ?'x = 1 - c urd neglecting e* and higher nowers 

A-K*   • VBT - yU!'0 - I) 

therefor3 

: *Lrx (17) 

whe•e (V/,/u),teQ can be obtained from table I.  The curves 

si own In figure I; »vei'r obtained in thin manner, whoro it has 

b«en aaeuned that eve- In the cs.se of the circular cylinder 

the ia'andtl-Qlav-ei't rule holüs oi the stipnatlon lino, 

Ames Acron-ivtiea] Labcretory, 
".•utior.al Advicor;.- Co;j.ittee for Aeronavtics, 

Moffott Field, Calif. 

Eduund V Laitor.e, 
Aeronautical Engineer, 

Ctvay/C'K. F-rdce, 
Arproved: Eleotrieal Sn^ir.eer. 

Do: aid V.  food, 
Aeronautical Engineer. 

! 
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